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Fluorescence ﬂuctuation spectroscopyFluorescence correlation spectroscopy (FCS) is a widely used technique in biophysics and has helped
address many questions in the life sciences. It provides important advantages compared to other
ﬂuorescence and biophysical methods. Its single molecule sensitivity allows measuring proteins
within biological samples at physiological concentrations without the need of overexpression. It
provides quantitative data on concentrations, diffusion coefﬁcients, molecular transport and inter-
actions even in live organisms. And its reliance on simple ﬂuorescence intensity and its ﬂuctuations
makes it widely applicable. In this review we focus on applications of FCS in live samples, with an
emphasis on work in the last 5 years, in the hope to provide an overview of the present capabilities
of FCS to address biologically relevant questions.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
It is now more than 40 years ago that the ﬁrst paper on ﬂuores-
cence correlation spectroscopy (FCS) was published [1]. Invented
to measure chemical reaction rates and diffusion coefﬁcients by
analysing thermodynamic ﬂuctuations in the ﬂuorescence inten-
sity of a system, it is now a well-established biophysical tool,
which is used routinely in live cells and organisms to obtain quan-
titative data on the molecular level. Although it developed rather
slowly in the beginning, mainly due to technical limitations, it
received a boost by its combination with confocal microscopy [2]
and its extension to dual-colour ﬂuorescence cross-correlation
spectroscopy (FCCS) [3]. This made FCS in live cells possible, in par-
ticular with ﬂuorescent proteins [4], allowed characterization of
biomedically important samples [5], and opened the way to mea-
sure biomolecular interactions at physiological concentrations
[6]. Since then FCS has been applied to a wide range of biological
problems from bacteria, yeast, and cells to live organisms and
has been used to characterize most parts of a cell from nucleus
over cytoplasm and organelles to the plasma membrane. Fig. 1shows schematically some of the topics addressed by FCS in cells
and embryos. In this review we will focus mainly on FCS and those
of its modalities which provide directly temporal information and
we direct the interested reader to recent reviews of other ﬂuores-
cence ﬂuctuation spectroscopy modalities [7–10]; Table 1 gives an
overview of FCS modalities included in our review. Since the meth-
odology of all those FCS modalities has been explained repeatedly
in literature (e.g. references in Table 1), we only schematically
illustrate their principles here (Figs. 2 and 3). We restrict ourselves
to work within the last 5 years. Earlier work has been extensively
reviewed [11–14]. We thus hope to give the reader an up to date
view of FCS as applied within the life sciences and provide a per-
spective of FCS as a tool for quantitative bioimaging either in com-
bination with other imaging tools or as an imaging tool in itself.2. Structural information
Although FCS does not provide directly any structural informa-
tion, the indirect information derived from properties of molecular
diffusion can be exploited to characterise structures which are not
easily accessible to more direct methods due to their small dimen-
sions and dynamic nature. FCS has been used in numerous studies
to elucidate the organization of molecules in the plasma mem-


















Fig. 1. Illustration of the selected topics addressed by FCS in living cells (A) and
zebraﬁsh embryos (B): diffusion of proteins and lipids in plasma membrane and its
hindrance by cytoskeletal meshwork and/or tracer partitioning to domains (1, 2);
aggregation of amyloid peptides on plasma membrane (3); oligomerization state of
membrane receptors (4, 5); binding of ligands to membrane receptors (6, 7);
diffusion of proteins in cytoplasm (8); protein–protein interactions in cytosol and
nucleus (9); interaction of proteins with small nucleic acid molecules (10); binding
of proteins to chromatin and nuclear DNA (11); inﬂuence of chromatin architecture
on diffusion of inert tracers (12); passive or active transport of molecules between
nucleus and cytoplasm (13); anomalous diffusion of protein complexes in endo-
plasmic reticulum (14); in embryos 3 days post fertilization: blood ﬂow (15) and
protein diffusion in plasma membrane (16) [135] and protein–protein interactions
in cytosol (17) of muscle cells; morphogen gradients originating from a single
source region (depicted as the green cell) in gastrula stage embryos (18).
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The lateral organization of lipids and proteins in cell mem-
branes is believed to play an important role in processes such as
endocytic or signalling pathways by dynamically sequestering
molecules involved in those processes. Several FCS studies of diffu-
sion of membrane-associated proteins or peptides identiﬁed
slowly diffusing populations of those molecules, which are indica-
tive of binding to more ordered domains in the plasma membrane
[15–17] (number 2 in Fig. 1). Comparison of diffusion of several
proteins can show the selectivity of proteins for certain domains
[16,17], while the increase in diffusion coefﬁcient (D) upon choles-
terol depletion indicates afﬁnity of the concerned proteins for cho-
lesterol enriched domains [16]. Diffusion of whole domains
containing different adhesion molecules was measured by tempo-
ral ICS (TICS) and found to correlate with the function of the
respective molecules [18]. The selectivity of proteins for certain
domains was also demonstrated by Lillemeier et al. [19]. They
showed by FCCS that T cell antigen receptor (TCR) and linker for
activation of T cells (Lat) are segregated to separate domains in
quiescent cells and that those domains concatenate upon
activation.
A widely tested hypothesis of membrane lateral organization is
the raft hypothesis of Simons and Ikonen according to which
domains of more tightly packed lipids enriched in sterols and
sphingolipids are present among a more ﬂuid surrounding [20].
The rafts are expected to be small and highly dynamic, which ren-
ders their observation by traditional FCS and microscopic tech-
niques practically impossible. FCS with stimulated emission
depletion (STED) excitation has been recently employed to study
membrane rafts [21–25]. Thanks to the reduction of the lateral
diameter of the detection area achieved by STED illumination,
STED–FCS can provide more accurate information on nanoscale
domains and their inﬂuence on diffusion in membranes. According
to the law of free diffusion, the diffusion time sD (the average time
molecules spend diffusing through the observation area) is propor-
tional to the observation area. Any deviation of the diffusion law
from proportionality serves as a clear indication of hindrance of
diffusion either by barriers or by transient binding to immobile
structures. By measuring FCS with observation areas ranging from
diffraction limited down to approximately 40 nm diameter, Eggel-
ing et al. [21] and Mueller et al. [22] found that while diffusion of
glycerophospholipids is very close to free diffusion, diffusion of
sphingomyelin, ganglioside GM1 and other putative raft markers
was strongly inﬂuenced by transient binding to domains of diam-
eter estimated not to be larger than 20 nm. Depletion of cholesterol
as well as disruption of the cytoskeleton reduced the transient
binding of sphingomyelin; the effect was less pronounced in the
case of other raft markers [22]. Analysis of autocorrelation func-
tions allowed determining of kinetic rates of binding of the raft
markers to the domains [23]. The diffusion patterns of the individ-
ual raft markers were independent of the ﬂuorophores by which
they were labelled; that is in contradiction to partitioning studies
performed on phase-separated artiﬁcial lipid bilayers, which show
strong inﬂuence of the ﬂuorophore moieties on the partitioning. It
suggests that native sphingolipids and gangliosides may be
involved in yet other types of domains that are inaccessible to their
ﬂuorescently labelled analogues [24]. Further evidence for more
complex patterns of lipid segregation in plasma membranes was
provided by Triffo et al. who studied colocalization of three types
of lipid anchors by FCCS with pulsed interleaved excitation (PIE–
FCCS). Two of the anchors (from lymphocyte cell kinase and RhoA)
were found to localize to different clusters although neither of
them is expected to exhibit preference for rafts while the K-Ras
anchor did not partition into any clusters [26].Although the sub-diffraction observation areas are beneﬁcial for
elucidating membrane nanostructures, they are not strictly
required to obtain information on nanoscale features by FCS. The
diffusion law, used in the above mentioned studies [21,22], can
be also obtained by FCS measurements with observation areas
equal to or larger than the diffraction limit and then extrapolating
the dependence of sD on the effective observation area Aeff to zero
(sD(t) = s0 + Aeff / D). Free diffusion results in a straight line passing
through s0 = 0, but as was shown previously, transient binding to
domains (number 2 in Fig. 1) results in a positive intercept s0 > 0
and diffusion in a meshwork of semi-permeable barriers (number
1 in Fig. 1) in a negative one s0 < 0 [27,28] as schematically illus-
trated in Fig. 3A.
This approach has been utilized to study hindered diffusion of
proteins in plasma membranes [29–31]. For example Ganguly
and Chattopadhyay found diffusion of serotonin receptor 5-HT1AR
to be hindered by a meshwork. Free diffusion was recovered by
actin disruption as well as by cholesterol depletion; the involve-
ment of cholesterol in the interaction between membrane proteins
and cytoskeleton is a possible explanation of the result [31]. Other
evidence for the role of cholesterol in mediating of diffusion hin-
dering by actin comes from Sankaran et al. who studied the inﬂu-
ence of cholesterol depletion and actin disruption on diffusion of a
sphingolipid binding domain (SBD). By using imaging FCS with
total internal reﬂection (TIR) excitation (ITIR–FCS) they observed
temporarily decreased membrane heterogeneity and increased
probe mobility after either cholesterol depletion or cytoskeleton
disruption. However, even under cholesterol depletion, the mem-
Table 1
Overview of FCS modalities and related image correlation spectroscopy (ICS) modalities (raster ICS–RICS, temporal ICS–TICS and spatio-temporal ICS–STICS); other abbreviations:
stimulated emission depletion (STED), total internal reﬂection ﬂuorescence (TIRF) and single (selective) plane illumination microscopy (SPIM). (See below-mentioned references
for further information.)
a Temporal resolution limited only by ﬂuorescence lifetime of the ﬂuorophore is achieved when ﬂuorescence is split to two detectors and their signals are cross-correlated; if a
single detector is used, the dead time of the detector limits the temporal resolution.
b The small extent (less than 100 nm) of the observation volume in the axial direction is the main advantage of TIRF microscopy. It allows collecting signal from the plasma
membrane with low background from the cytosol and is, therefore, convenient for studies of binding to membranes.
c The fact that each correlation function is calculated from data collected from a larger area (typically in the order of 10–100 lm2 compared to diffraction limited spot probed
in confocal FCS) ensures that any single correlation function provides a more representative description of dynamics in inhomogeneous samples (such as most biological
systems).
dDue to their limited temporal resolution, these techniques are only able to capture slow dynamics and have been therefore used almost exclusively to study diffusion of
proteins in membranes; however, slow diffusion of molecules [164], endocytotic vesicles [165] as well as whole mitochondria [166] in cytoplasm have been also addressed.
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lished within about one hour [32].
The main problem of confocal FCS diffusion law measurements
is the need to perform repeated FCS data acquisitions at the same
position with different observation areas. In the case of living cells,
membrane undulations and photobleaching are likely to occur dur-
ing the series of data acquisitions. Imaging FCS and image correla-
tion spectroscopy (ICS) techniques, on the other hand, allow
extraction of diffusion laws from a single image stack [33,34].
Bag et al. showed by ITIR–FCS that monomeric human islet amy-
loid polypeptide (hIAPP) alters the diffusion coefﬁcient of mem-
brane lipids in a time dependent manner. Diffusion law analysis
performed on the same data revealed an increase in s0 indicating
peptide induced domain formation in the membrane. Furthermore,
the authors constructed a FCS time-lapse video showing the tem-
poral development of diffusion coefﬁcient maps in a region of the
membrane [33,35]. In another work Bag et al. compared diffusion
of a marker for the liquid disordered phase (DiI-C18) and a raft
marker (GPI-anchored GFP) in membranes of several cell lines.
According to diffusion law analysis, DiI-C18 diffuses freely andGPI-anchored GFP associates with domains as indicated by positive
values of s0, which are decreasing with increasing temperature.
Moreover, temperature dependences yielded activation energies
for diffusion of both probes, which were found to be cell line
dependent [36]. Di Rienzo et al. introduced diffusion laws analysis
of spatio-temporal ICS (STICS) data and characterized by that
method diffusion of transmembrane transferring receptor (TfR)
known to be hindered by the cytoskeleton meshwork and GPI-
anchored GFP as a raft marker. The experimental diffusion laws
agreed with theoretical expectations; in addition, temperature
dependence of TfR diffusion allowed determination of the activa-
tion energy needed by the protein to cross a cytoskeleton barrier
[34].
FCS has not been used to observe diffusion only in plasmamem-
branes, but also in endomembranes of living cells [37–39]. For
example Malchus andWeiss studied diffusion of a misfolded trans-
membrane protein in the membrane of the ER [39] (number 14 in
Fig. 1). They found diffusion to be highly anomalous due to inter-
actions with slowly moving obstacles, which they identiﬁed as
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Fig. 2. Illustration of principles of confocal FCS (A–C), FCCS (D–E) and pCF (F–G). FCS and FCCS analyze ﬂuctuations of ﬂuorescence intensity collected from a small
observation volume. Any process that changes the ﬂuorescence intensity can thus be observed; however, the most common process measured is the diffusive movement of
ﬂuorescently labelled molecules in and out of the observation volume. Considering the diffusion only, the ﬂuctuations contain information on the average transition time of
the molecules through the observation volume, i.e. their diffusion coefﬁcient, and the number of particles present, i.e. their concentration. This information can then be
directly obtained from the autocorrelation function (ACF) G (s) of the ﬂuctuating intensity. The diffusion coefﬁcient is inversely proportional to the width of the ACF (A), and
the concentration is inversely proportional to the ACF amplitude (B). The presence of large (slowly diffusing) particles among smaller ones gives rise to ﬂuctuations on two
distinct timescales and the resulting ACF is a linear combination of ACFs corresponding to the individual particle populations (C). If particles from both populations have the
same ﬂuorescence brightness, the ratio of amplitudes A1/A2 is equal to the ratio of concentrations of the fast to the slow particles. In case they differ in brightness, weighting
by the square of the brightness of the contribution of each population to the ACF has to be considered [152]. FCCS cross-correlates ﬂuctuations in two separate detection
channels corresponding to ﬂuorescence emission of two distinct ﬂuorescent labels. If all particles contain both labels, ﬂuctuations in both detection channels follow the same
pattern (are correlated) resulting in a high amplitude of the cross-correlation function (CCF). Ideally, amplitudes of the autocorrelation functions for the green and red channel
(ACFg and ACFr, respectively) and the CCF would be identical; that is, however, typically not observed in real experiments due to factors discussed in Section 3.1 (D). If
particles bearing the two labels are moving independently of each other, intensity ﬂuctuations in the two channels are not correlated resulting in low CCF amplitudes. If only a
sub-population of particles bears both labels, the amplitude of the CCF lies between the two limiting cases shown in (D) and (E), respectively. Scanning FCS as performed by
Cardarelli et al. [128–130] to study transport through the nuclear pore complex (NPC) is schematically depicted (F). Either a linear or a circular scan centred at the NPC was
used; half of the trajectory of the scan was located in the cytoplasm and the other half in the nucleoplasm. pCFs were obtained by correlating the signal collected at a point in
the cytoplasm (e.g. point 1 in the schematic) with the signal collected at a point in the nucleoplasm (e.g. point 2). The pCFs have a peak corresponding to the typical time
which the observed molecules need to move from point 1 to point 2 (pCF1?2 in the ﬁgure) or from point 2 to point 1 (pCF2?1 in the ﬁgure) depending on the direction of the
correlation (G). As depicted in the ﬁgure, the curves pCF1?2 and pCF2?1 would indicate a faster motion from point 1 to point 2 than in the opposite direction.
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indicator of transient interactions than changes in (apparent) diffu-
sion coefﬁcient.
Taken together, FCS has been instrumental in helping to deter-
mine the nature of different micro- and nanodomains in the
plasma membrane of live cells. In particular the cholesterol depen-
dence of the diffusion of certain lipids and proteins indicate the
existence of very small and highly dynamic associations or nanod-
omains. But the measurements also indicate that the spatial scales
of these associations are below even the best-resolved microscopy
techniques and the time scales of these associations are probably
only in the millisecond scale. Surprisingly, although cholesterol
removal leads to a transient change of the diffusive behaviour,
measurements indicate that after cholesterol removal, cells ﬁnd
unidentiﬁed ways to re-establish some of the membrane order.
2.2. Chromatin organization
Chromatin is a DNA protein complex which organizes the
eukaryotic cell nucleus. Chromatin can exist in different levels of
organization which are involved in DNA packing and control of
gene expression. Confocal FCS has been used in several studies to
investigate the inﬂuence of chromatin on diffusion of inert ﬂuores-
cent tracers (GFP oligomers) of various sizes [40–42] (number 12 in
Fig. 1). Those studies established that the dependence of the diffu-
sion coefﬁcient on tracer size is different in chromatin networks
compared to a homogeneous viscous medium. It can be concludedthat the chromatin network represents obstacles to free diffusion
of tracer molecules; however, the results did not provide informa-
tion on the structure of those obstacles. That is mainly due to con-
focal FCS being restricted to a small, diffraction limited observation
volume.
New insights on the chromatin structure have been provided
by sFCS combined with pair correlation function (pCF) analysis.
The method is based on rapidly scanning the diffraction limited
detection volume through the sample along a linear or circular
trajectory and calculating correlations between different pairs of
points along the trajectory [43]. The pCF has a maximum corre-
sponding to the typical time which the tracer molecules need
to diffuse from one point to the other (see Fig. 2F and G for illus-
tration of the principle of pCF). Placing a partially permeable bar-
rier between the two points results in a lower pCF peak
amplitude and its shift to longer times; a decrease of the pCF
amplitude to zero indicates discontinuity in diffusion between
the points. Additionally, pCF can also reveal directional asymme-
try in permeability of a barrier (difference in permeability
depending on the direction in which the molecules are crossing
the barrier). By this method, Hinde et al. [44–46] found that bor-
ders between regions of high and low DNA concentration in
interphase nuclei were practically impermeable for a protein tra-
cer (monomeric EGFP), while they were fully permeable for a
small tracer (ﬂuorescein). Exchange of EGFP across the barrier
happened only in occasional bursts [44]. The impermeability of























Fig. 3. Illustration of principles of diffusion law analysis in FCS (A) and of STICS (B). The law of free diffusion predicts that the diffusion time sD is directly proportional to the
effective observation area; any deviations from proportionality indicate the presence of obstacles that hinder diffusion. Two types of obstacles are typically considered to be
present in cell membranes: microdomains or cytoskeletal meshworks. Microdomains act as traps into which the tracer molecules preferentially partition and where they
remain for some time conﬁned to a very small area. If the effective detection area is smaller than the typical domain size, the diffusion is free with D corresponding either to
the domain or the surrounding membrane (depending on the position of the area); large deviations from free diffusion are expected when the observation area is on the same
scale as the domains and ﬁnally a linear diffusion law is found when the observation area is much bigger than the domains. Similarly, free diffusion is expected to be found in
observation areas smaller than the meshwork corrals. Diffusion on longer length scales is slower due to the need to cross the barriers and, therefore, the apparent Dmeasured
in observation areas larger than the meshwork corrals is lower than within individual corrals. That is manifested by a larger slope of the diffusion law. Since the obstacles in
cell membranes are typically much smaller than the diffraction limited observation area, standard FCS can access only the linear part of the diffusion laws. However, as seen
from the ﬁgure, extrapolating the linear dependence of sD on the effective observation area to zero yields information on the nature of the nanoscale obstacles: a positive
intercept s0 > 0 indicates dynamic partitioning to microdomains while s0 < 0 diffusion in a meshwork of semi-permeable barriers. STICS can determine velocities and
preferential directions of molecular motion by analysing temporal stacks of images [7]. The spatiotemporal correlation function G(n,g,s) is calculated as the average product of
pixel intensities hI(x,y,t)I(x + n, y + g, t + s)i and typically normalized to the square of average pixel intensity hI(x,y,t)i2. The averaging is performed over all values of pixel
coordinates x and y and time t (over images in the stack). G(n,g,0) is the point spread function (PSF) of the microscope convoluted with the size of the ﬂuorescent tracer;
therefore, practically identical to the PSF for small tracers such as most single molecule tracers (tracers signiﬁcantly smaller than the PSF). Its amplitude is inversely
proportional to the average number of independently moving tracer molecules per pixel. Directional ﬂow of the tracer molecules results in a shift of the maximum of the
correlation function G(n,g,s) in the direction of the ﬂow; the magnitude of the shift increases with the lag time s. Isotropic diffusion gives rise to broadening of G(n,g,s) with
increasing lag time s; however, the position of its maximum remains in the origin of the spatial coordinates (n = 0, g = 0). In the case of biased diffusion (anisotropic diffusive
movement resulting in a net transport in one direction) G(n,g,s) broadens with increasing s and its maximum shifts in a direction corresponding to the preferential direction
of the biased diffusion. By performing STICS in regions of interest in the sample, the typical velocities and predominant directions of molecular movement can be retrieved for
each individual region.
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and closing of chromatin ﬁbres [46]. Furthermore, it was shown
that permeability of the barrier as well as its directional asymme-
try were changing throughout the cell cycle [45]. A similar behav-
iour was observed in eukaryotic as well as in yeast cells [46].
Comprehensive information on diffusion within a certain region
of the cell can be obtained by imaging FCS, which records simulta-
neously up to thousands of correlation functions in individual cam-
era pixels. Besides getting a map of diffusion coefﬁcient and
concentration distribution, cross-correlation between different pix-
els can reveal any predominant directions or discontinuities of the
diffusive movement. In combination with single plane illumination
microscopy (SPIM), imaging FCS can access arbitrary intracellular
structures, such as the nucleus, and promises to elucidate molecu-
lar movements in those complex environments [47–49]. Alterna-
tively, raster ICS (RICS) with variable scanning directions was also
shown to be useful for studying diffusion in anisotropic environ-
ments in living cells [50].
Capoulade et al. used an improved version of SPIM–FCS with
isotropic resolution to measure the dynamics of heterochromation
protein H1Pa in the nuclei of live cells [51]. H1Pa showed a fast
and slowmoving fraction, with the slowmoving fraction indicating
the strength of interaction with chromatin. They demonstrated
that H1Pa diffusion has a higher average diffusion coefﬁcient ineuchromatin compared to heterochromatin but that the diffusion
coefﬁcient shows a high variability in euchromatin hinting at a
spatial heterogeneous euchromatin structure.
The development of new FCS modalities, which reveal direc-
tions and discontinuities of molecular movements, has enabled
researcher to gain deeper insights into the structure of chromatin.
Although an indirect measurement of structural information it pro-
vides direct information on structure related molecular dynamics.
This information is indispensable for answering one of the key
questions in the ﬁeld of chromatin structure; namely how does
the chromatin organization inﬂuence accessibility of transcription
factors and DNA binding molecules to nuclear DNA.
3. Biomolecular interactions
There exist two main FCS approaches to obtaining information
on bimolecular interactions. The ﬁrst approach uses the differences
in diffusion between free and bound molecules; the second
approach is evaluating cross-correlations between binding part-
ners labelled by different ﬂuorophores (FCCS, see Fig. 2D and E).
While the former approach is experimentally simpler and requires
only one of the interacting partners to be ﬂuorescently labelled, its
applicability is limited to studies of interactions of molecules with
much larger partners. Typical examples of large supramolecular
3576 R. Machánˇ, T. Wohland / FEBS Letters 588 (2014) 3571–3584structures or slowly moving interaction partners are discussed in
later sections (see Section 3.3 for chromation and Section 3.4 for
membrane receptors). The ratio between number of molecules
undergoing slow and fast diffusion respectively yields the afﬁnity
of the molecule to its interaction partner (see Fig. 2C). If the bind-
ing and dissociation kinetics fall within the timescale probed by
the FCS experiment, the correlation curve is not described sufﬁ-
ciently by a model for free diffusion and a model describing tran-
sient binding can be used to retrieve kinetic constants of binding
and dissociation as shown by Michelman-Ribeiro et al. for the case
of binding of a transcription factor to DNA [52]. Similarly, Mahen
et al. used RICS to characterize diffusion of polo-like kinase 1
(PLK1), an enzyme critical for centrosome maturation at the onset
of mitosis. They found that PLK1 diffusion is approximately 6 times
slower in the centromere than in the surrounding cytoplasm and
that the decrease in mobility is caused by transient binding [53].
This conclusion was based on the robust differences in RICS auto-
correlation functions in the presence of transient binding com-
pared to free diffusion as shown by Digman and Gratton [54].
However, the diffusion coefﬁcient is inversely proportional to
the cubic root of themolecularmass. Therefore, binding of twomol-
ecules of comparable size results only in minor changes in D and it
is very difﬁcult to obtain any reliable estimate of the ratio between
faster and slower moving molecules, making binding measure-
ments very difﬁcult if not impossible. The FCCS based approach is
generally applicable and does not have the restriction on the size
of interaction partners as faced by FCS. It should be noted that in
cases where the change of the diffusion coefﬁcient upon binding
is sufﬁciently large to be detected by FCS, FCS and FCCS measure-
ments show similar trends and can be used to determine differ-
ences between molecules bound to speciﬁc targets versus
molecules bound to other proteins [55]. But in the case in which
the interacting proteins are of similar size, FCCS is the method of
choice as discussed in the following section. On the other hand,
FCCS is not suitable for characterising very week interactions in
which case the CCF amplitudes are very low because of the large
excess of the free binding partners. Single colour FCS can be used
even if the unlabelled large binding partner is present in excessive
amounts.
3.1. Protein–protein interactions
The decrease in diffusion coefﬁcient of a ﬂuorescently labelled
protein can be used as an indication of its interaction with large
binding partners, usually multi-protein complexes [56–59].
Although experimentally simple, such interaction studies are
non-speciﬁc in the way that they cannot directly identify the bind-
ing partners of the protein. Furthermore, as mentioned above, the
diffusion coefﬁcient is insensitive to small changes in molecular
mass, such as those resulting from interactions between molecules
of comparable mass.
Therefore, FCCS is the method of choice in protein–protein
interaction studies. From the ratios of cross-correlation functions
to autocorrelation functions, fractions of interacting molecules
are retrieved and, thus, (apparent) dissociation constants (KDs)
can be determined. We use the word ‘apparent’ in connection with
KDs determined by FCCS because the method is prone to several
biases, the correction of which is discussed in the following para-
graph. This approach has been used to quantify afﬁnity of many
protein pairs in the cytosol as well as in the nucleus of living cells
[30,59–70] (number 9 in Fig. 1). Cross-correlation can be also
implemented in other FCS modalities, e.g. RICCS or SPIM–FCCS by
spatially cross-correlating simultaneously acquired images for
individual ﬂuorophores [71–73].
FCCS suffers from several artefacts which can compromise the
determined KD values. The most prominent are spectral crosstalkbetween the two detection channels, which increases the appar-
ent cross-correlation. Furthermore, a misalignment of effective
detection volumes for the respective detection channels can
lower the apparent cross-correlation. Control experiments with
a negative (non-interacting molecules) and positive (molecules
bearing both ﬂuorophores) control experiments are needed to
quantify interactions from cross-correlation amplitudes. Cross-
talk can be avoided by the use of pulsed interleaved excitation
(PIE) [26,74] or statistical ﬁltering in ﬂuorescence lifetime corre-
lation spectroscopy (FLCS) [75,76]. The misalignment of the exci-
tation volumes can be reduced by exciting both ﬂuorophores by
the same laser line in single wavelength FCCS (SW-FCCS), thus,
creating identical excitation volumes for both [55,77,78]. Never-
theless, as shown by Foo et al., even in the case of SW-FCCS the
effective detection volumes for the two ﬂuorophores are not iden-
tical as a result of distinct wavelengths regions detected in each
channel [77]. Another source of artefacts stems from imperfec-
tions in labelling efﬁciency. If non-labelled binding partners or
binding partners labelled by non-active ﬂuorophores (such as
ﬂuorophores in long-lived dark states, ﬂuorophores degraded by
photobleaching, or non-matured ﬂuorophores in the case of
ﬂuorescent proteins) are present in the sample, some of the com-
plexes appear in the correlations as free molecules because only
one of the binding partners is labelled by an active ﬂuorophore.
This results, then, in a reduction of the apparent fraction of inter-
acting molecules. The artefact is especially pronounced in FCCS
studies using ﬂuorescent proteins, because considerable differ-
ences exist among ﬂuorescent proteins in their rates of matura-
tion, their photobleaching rates and their residence times in
dark and dim states. For example the maturation of red ﬂuores-
cent proteins (mRFP, mCherry) is less efﬁcient than maturation
of their green counterparts (GFP, mVenus) [76,77]. Therefore, a
signiﬁcant part of green labelled molecules is bound to non-
ﬂuorescent binding partners and appears in the correlations as
free. By taking into account all three above mentioned sources
of artefacts as well as the inﬂuence of resonance energy transfer
between ﬂuorophores on pairs of interacting proteins, Foo et al.
obtained a more accurate value of the in vivo KD for the interac-
tion between a small Rho-GTPase Cdc42 with its effector IQGAP1;
the value after corrections being approximately 3 times lower
than uncorrected and closer to values obtained previously by
in vitro methods [77].
FCS in FRET mode is an alternative to FCCS for studying molec-
ular interactions. In this approach the potential interaction part-
ners are labelled with a FRET pair of ﬂuorophores (donor and
acceptor). The interacting subpopulation is then identiﬁed by com-
parison between acceptor ACFs measured in one case with direct
excitation of the acceptor and in the other case with selective exci-
tation of the donor (the latter ACFs corresponding to the interact-
ing molecules). This approach in TICS mode was utilised by Storti
et al. to identify interaction of a membrane protein with microtub-
uli [79]. FRET–FCS is experimentally simpler than FCCS because it
can be performed with a single excitation laser line and single
detection channel, as long as the ﬂuorophore pair has sufﬁcient
spectral overlap. Its applications are, however, limited to cases
where interaction between two molecules results in an efﬁcient
FRET between the ﬂuorophores attached to them. Furthermore, it
limits the choice of labelling sites of large molecules since the
two ﬂuorophores need to be in close proximity upon interaction
with their emission dipole moments oriented approximately paral-
lel to each other. The requirement of close proximity of the ﬂuores-
cent labels is particularly problematic since ﬂuorophores attached
in such positions are more likely to compromise the afﬁnity of the
studied molecular pair. Therefore, dual-colour FCCS is by far the
most frequently used FCS modality in studies of molecular
interactions.
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Binding of proteins to large nucleic acids such as nuclear DNA
leads to signiﬁcantly reduced mobility of the protein and, there-
fore, single-channel FCS measurements can be used to quantify
the binding afﬁnity [80–83] (number 11 in Fig. 1). For example
Vukojevic et al. studied binding of a transcription factor to DNA.
A clear difference was observed between the non-functional and
functional variants; while in the former case the concentration of
bound factor was proportional to its total concentration (as
expected for non-speciﬁc binding), the latter followed a binding
isotherm predicted for a combination of speciﬁc and non-speciﬁc
binding [81]. Similarly, Larson et al. measured diffusion of the
GFP labelled transcription factor Mbp1p in the cell nucleus by 2-
photon FCS [82]. 2-photon excitation requires high photon densi-
ties and is, therefore, effectively restricted only to the focus of
the excitation beam. In contrast to that, single photon excitation
happens along the entire beam path through the sample. 2-photon
FCS may be beneﬁcial for long FCS measurements since it reduces
bleaching and photodamage outside of the effective detection vol-
ume. The authors ﬁtted the FCS autocorrelation curves with a
model for free 3-dimensional diffusion and transient non-speciﬁc
binding with 1-dimensional diffusion in the bound state (corre-
sponding to the movement of the factor along the DNA molecule).
In the same study, they investigated the dynamics of the transcrip-
tion process; the RNA contained multiple binding sites for the PP7
bacteriophage coat protein either at its 30 or 50 end and ﬂuores-
cently labelled PP7 was binding to it as soon as the binding sites
appeared in the nascent transcript. By correlating the resulting
ﬂuorescence ﬂuctuations (which were in this case on the timescale
of seconds to 100s of seconds, much longer timescales than probed
in typical FCS experiments) they could measure the transcription
initiation rate as well as dynamics of elongation and termination
and variations of those throughout the cell cycle. Initiation events
were found to be stochastic and independent of each other and the
interval between them corresponded to the typical time the
trans-activating factor Mbp1p spends in the bound state moving
along the DNA molecule, suggesting the search-time of the factor
as the single rate-limiting step for transcription.
Interaction of proteins with small RNAs or oligonucleotides is
not manifested by large changes in D and, therefore, FCCS is needed
to describe such interactions [84–86]. For example Ohrt et al.
investigated by FCCS the inﬂuence of 20-O-methyl modiﬁcations
of silencing RNAs (siRNAs) on their loading to RNA induced silenc-
ing complex (RISC), on the passenger strand cleavage and on its
target recognition [86] (number 10 in Fig. 1). The same authors also
found by FCS and FCCS that siRNAs do not interact with RISC in the
nucleus, but only in the cytoplasm, and that although the proteins
forming RISC are also present in the nucleus, they do not interact
there to form the complex [85].
FCCS was applied in a different way by Sasaki et al. to study
cleavage of exogenous DNA by exonucleases [87]. DNA molecules
were labelled at each end by a different ﬂuorophore and their
cleavage led to loss of cross-correlation. Furthermore, analysis of
diffusion coefﬁcients of the resulting fragments is consistent with
direction of exonuclease activity from 50 end to 30 end. Analo-
gously, FCCS was utilized to detect caspase activation as an early
indicator of apoptosis [88]. The studied cells were expressing a
protein construct consisting of two ﬂuorescent proteins joined by
a speciﬁc linker designed to be cleaved by caspases.
Although not as numerous as FCS studies of protein–protein
interactions, recent work using FCS to investigate protein–nucleic
acid interactions demonstrate the broad range of question related
to nucleic acids, which FCS can help to answer. The addressed
topics include site speciﬁc interactions between nucleic acids and
proteins [80,81], RNA interference mechanisms [85,86], transcrip-tion kinetics [82,89] or mechanisms of enzymatic DNA cleavage
[87].
3.3. Binding to chromatin
The understanding of chromatin structure and gene regulation
during the cell cycle requires detailed information of the interac-
tion between chromatin and chromatin binding proteins. FCS has
played an important role in this ﬁeld due to its capability to mea-
sure biomolecular interactions in live cells. The article by Erdel
et al. [90] provides a good overview of the available ﬂuorescence
technique to study these processes. Stable binding of molecules
to chromatin renders them practically immobile and thus inac-
cessible to FCS. However, transient binding to immobile or slowly
moving binding sites on chromatin, can be conveniently charac-
terised by FCS (number 11 in Fig. 1). It results in slower diffusion
and is typically manifested by an additional component in the
autocorrelation function (ACF). The characteristic dwell-time of
the transient binding can then be estimated from the temporal
correlation decay of the corresponding ACF component [91–95]
and the afﬁnity of the binding from its amplitude [93,96,97].
For example in a study on the Ran guanine nucleotide exchange
factor (RCC1), FCS showed that it has a highly mobile state and
a transiently immobilized state. Further FCCS experiments dem-
onstrated that only the immobilized state, which is stabilized
during mitosis, interacted with the small G-protein Ran [93]. In
order to prove whether a slow component in the ACF corresponds
to diffusion or transient binding, Hendrix et al. used diffusion law
analysis (as described in the context of FCS in membranes in Sec-
tion 2.1) [92]; linear dependence of its characteristic decay time
on the observation area indicates that the ACF component
resulted predominantly from diffusion. The reliability of FCS as
a method for characterisation of binding to chromatin was tested
in comparison with ﬂuorescence recovery after photobleaching
(FRAP) and single particle tracking (SPT). All three methods
yielded similar results on mobility, chromatin interaction time,
and the bound fraction of a transcription factor in live cell nuclei
[98]. As mentioned previously, RICS can robustly distinguish
between diffusion and transient binding. That makes RICS a
promising tool for studying protein interactions with chromatin
[99].
To account for the large intrinsic variations of diffusion coefﬁ-
cients of molecules in different locations in the nucleus, the group
of Antoine Delon developed a multifocal FCS setup using a spatial
light modulator and applied it in their studies of chromatin inter-
actions of heat shock factor 1 [94,95]. Heuvelman et al. developed
for the same reason an imaging FCS setup with illumination along a
line and utilised it to characterise diffusion of a chromatin-remod-
elling complex in cell nuclei [49].
3.4. Binding to membrane receptors
Since the 2-dimensional diffusion of molecules embedded in
membranes is about 2 orders of magnitude slower than diffusion
of molecules of comparable mass in solution or in the cytosol,
binding of ﬂuorescently labelled ligands to a membrane receptor
is clearly manifested in its correlation function by appearance of
a component with signiﬁcantly smaller D (number 6 in Fig. 1). A
binding isotherm can be constructed from results of FCS measure-
ments at different ligand concentrations, yielding the (apparent) KD
of the ligand–receptor complex as well as the density of receptors
in the membrane [100–105]. This approach was used for example
by Rose et al. to investigate the interaction of histamine H1 recep-
tor with its antagonist mepyramine. Two distinct diffusion times
for the membrane-bound antagonist were found in the study. Only
the longer one of those two probably corresponded to speciﬁc
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brane-bound molecules was not sensitive to mutations in the
antagonist binding site [105].
Weidemann et al. applied FCS to characterise binding of Inter-
leukin-4, a cytokine involved in adaptive immunity, to its receptor
IL-4Ra. By using IL-4Ra labelled by eGFP and Interleukin-4 labelled
by a spectrally distinctive organic dye (AlexaFluor647) the authors
could perform FCCS to quantify the fraction of occupied receptor
molecules [106] (number 7 in Fig. 1). FCCS with differently labelled
ligand and receptor was also applied by Stromqvist et al. to inves-
tigate binding of major histocompatibility complex class 1 to
inhibitory receptor Lys49A in natural killer cells. In order to obtain
values of KD as close as possible to the actual ones, the authors
quantiﬁed thoroughly the inﬂuence of spectral crosstalk and dis-
placement of effective detection volumes for the two spectral
regions on the cross-correlation and took them into account in
FCCS analysis [107].
Chen and Irudayaraj tested a different approach to eliminating
artefacts in FCCS stemming from the two above mentioned sources
[108]. They used two ﬂuorophores (AlexaFluor488 and GFP)
excited by the same laser line and both emitting ﬂuorescence in
the same spectral region, therefore, having identical effective
detection volumes. FLCS, a technique using differences in lifetimes
to separate signals from two ﬂuorophores, was utilized to extract
ACFs corresponding to the individual ﬂuorophores and a cross-
talk-free CCF between them. FLCS has been used in a number of
in vitro studies of molecular interactions; however, this work rep-
resents the ﬁrst published application of the technique in living
cells [109]. Feasibility of that approach was demonstrated by char-
acterizing interaction between EGFR and its neutralizing antibody.
The study showed that the antibody binding had no inﬂuence on
receptor diffusion in the membrane but resulted in a large decrease
in receptor density, probably due to its internalization [108].
Although FLCS overcomes the above mentioned artefacts of dual-
colour FCCS, it is subject to other sources of artefacts, which may
lead to overestimation of the KD values (due to underestimation
of the CCF amplitudes) [109].
Other studies of binding to membrane receptors focused on
binding-induced changes in receptor mobility, which can reﬂect
clustering of activated receptor molecules or their interaction with
downstream binding partners [30,84,110,111]. The ACF of a ﬂuo-
rescently labelled receptor contains contributions from all receptor
molecules, not only from the activated ones. Therefore, it can be
challenging to quantify the changes in receptor behaviour upon
activation, especially if the fraction of activated receptors is only
a small one. Two approaches have been used to selectively observe
only the activated receptor molecules. One of them is FCCS with
both the receptor and the ligand ﬂuorescently labelled; the CCF
then corresponds to the subpopulation of activated receptor mole-
cules [30,84]. An alternative approach uses a bimolecular ﬂuoro-
phore complementation system; ligand and receptor are labelled
each by complementary ﬂuorescent protein fragments and an
active ﬂuorophore is formed only upon their binding [110].
3.5. Oligomerisation studies
Since FCS measures the average number of independently dif-
fusing ﬂuorescent particles (either individual molecules or com-
plexes) present in the detection volume, it can provide the
average particle brightness as a ratio between the average ﬂuores-
cence intensity and the average number of particles. In this way, the
average oligomerization state of molecules in the sample can be
extracted by comparing the average brightness per particle with
the brightness determined for the monomeric form of the ﬂuoro-
phore. This approach has been applied by several authors to study
protein oligomerization [112–116]. For example Harrick-Daviset al. studied the oligomerization state of selected G-protein cou-
pled receptors [114,115] (number 4 in Fig. 1). The average particle
brightness for all investigated receptors was very close to twice the
brightness of the monomeric ﬂuorophore and that result was con-
sistent for all expression levels probed and did not change upon
antagonist binding to the receptor. To account for any possible
changes in brightness caused by speciﬁc interactions between ﬂuo-
rophore molecules in close proximity, the authors tested different
ﬂuorescent labelling of the receptor and arrived at consistent
results [114]. It should be noted that the brightness values obtained
in this way are average values (e.g. a mixture of monomers and tet-
ramersmay also yield a twofold brightness of themonomer). Due to
its inverse proportionality to the cubic root of molecular mass, D of
smaller oligomers does not differ dramatically from that of mono-
mers. In the case of two-dimensional diffusion in membranes, the
dependence ofD on the size of themolecule is even less pronounced
[117]. A correlation curve measured for example in a mixture of
monomers and tetramers is likely to be satisfactorily ﬁtted with a
model for a single D, thus, not providing any indication of the
non-uniform oligomerization state. Therefore, Herrick-Davis et al.
analyzed also the photon counting histograms (PCH) of their ﬂuo-
rescence ﬂuctuation data, because PCH provides information on
distribution of values of particle brightness in the sample
[10,118]. Successful ﬁts of the histograms with a model for uniform
particle brightness conﬁrmed the conclusion that the studied
receptors exist predominantly in a dimeric form [114,115]. On the
other hand, Ilien et al. found by FCS that themuscarinicM1 receptor
(one of the receptors chatacterized by Herrick-Davis et al. [114])
exists in monomeric form with a population of dimers appearing
only upon ligand binding [116].
An alternative FCS approach to detecting oligomerization is
based on cross-correlation between two populations of the same
molecule labelled by distinct ﬂuorophores; a positive cross-corre-
lation indicates presence of complexes containing each at least
two molecules of interest and the ratio between cross-correlation
and autocorrelation amplitudes gives the fraction of molecules in
oligomers [91,119–121] (number 5 in Fig. 1). For example Geeraets
et al. found by FCCS that syntenin-2 self-associates in the cell
nucleus. To estimate the size of the oligomers, the authors used
FCS brightness analysis [120]. The study of Ridelis et al. contains
an interesting example of applications of FCCS to characterise the
oligomerisation state of photoconvertible proteins; the cross-cor-
relation between the two forms of protein measured at the 50%
photoconversion level is an indication of oligomerisation of the
protein [121].
Formation of large complexes is manifested in FCS by a signiﬁ-
cant decrease in D. However, the decrease in D in itself is not an
unambiguous prove of self-association, because it can as well be
a result of interaction of the molecule with other binding partners
[38,56,95,122,123]. Analysis of particle brightness is again a very
useful tool to discriminate the two cases.
FCS has been also used to study membrane-induced aggrega-
tion of peptides [124,125] (number 3 in Fig. 1). For example Nag
et al. characterized by FCS the formation of amyloid-b (Ab) aggre-
gates on membranes of living cells. At 350 nM concentration of Ab
they detected a second population of much larger aggregates than
those present at lower concentrations (150 nM); no larger aggre-
gates were detected outside of cells at 350 nM concentration indi-
cating the importance of the plasma membrane for their
formation. Since the distributions of aggregate sizes tend to be
broad, correlation functions are not well described by models with
reasonable number of discrete values of D. Therefore, the authors
used a maximum entropy method for the FCS analysis which
yields distributions of diffusion coefﬁcients without any a priori
assumptions and is, thus, very well suited for aggregation studies
[125].
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Several of the above outlined FCS approaches of studying bio-
molecular interactions in living cells have been utilized to eluci-
date interactions between inﬂuenza virus polymerase subunits.
Taken together these experiments demonstrate nicely how FCS
can provide answers to important biological questions [56,58,70].
Suzuki et al. used RICS to measure diffusion of inﬂuenza virus
PA-PB1 polymerase subunit complexes in the cell nucleus [58].
They found an approximately two times slower diffusion coefﬁ-
cient in the presence of PB2 subunits than in their absence, indicat-
ing that PA-PB1 complexes interact with PB2 in the nucleus and
the three subunits are involved in a yet larger complex having
approximately two times lower D, therefore, approximately 8
times the mass of PA-PB1. In agreement with that, Avilov et al.
found by FCS that the inﬂuenza virus PB2 polymerase subunit is
involved in large complexes in the nuclei of infected cells [56].
To decide whether the large slowly diffusing complexes result from
aggregation of the polymerase or from its interaction with other
binding partners, the authors determined the average brightness
per complex. The brightness was found to be equal to that of a sin-
gle molecule, indicating that the slow diffusion of the polymerase
is caused by its interaction with slowly diffusing binding partners.
Further insight was gained by FCCS which showed that inﬂuenza
virus polymerase subunits PA and PB1 form a complex in the cyto-
plasm and the PA–PB1complex is imported to the nucleus where it
interacts with PB2 to form the functional polymerase complex [70].
FCS measurements in living cells have, thus, provided direct evi-
dence from which a working model for inﬂuenza virus polymerase
import and assembly can be inferred.4. Transport
Cellular trafﬁcking plays important roles in cell communication,
organization and migration and is involved in protein delivery to
cellular compartments and organelles. Cell trafﬁcking defects are
involved in many human genetic diseases. As FCS can be used to
assert molecular motion within cells even at low expression levels
it was employed to measure protein trafﬁcking and transport. For
example Hayakawa et al. studied the inﬂuence of cardiac potas-
sium channel hERG mutations on its trafﬁcking [126] and Wu
et al. used two-photon FCS to investigate trafﬁcking mediated by
nuclear localization sequences (NLS) [127]. The main limitation
of confocal FCS in transport and trafﬁcking studies is the lack of
information on direction of the observed motion. Therefore, FCS
and ICS modalities providing such information are needed for a
complete description of molecular transport in cells.
One such modality is scanning FCS combined with pCF analysis,
which has been already mentioned in the context of chromatin
structure studies (Section 2.2). Cardarelli et al. utilized this tech-
nique to investigate transport through nuclear pore complexes
(NPC) [128–130] (number 13 in Fig. 1). In the ﬁrst work, the
authors characterized NLS trafﬁcking using scanning FCS with a
linear scan, moving the focus between nucleoplasm and cytoplasm
(see Fig. 2F and G for a schematic). They found the characteristic
times for the transport from nucleus to cytoplasm to be over an
order of magnitude longer than for the transport in the opposite
direction; furthermore, energy depletion resulted in equally long
times for both directions, indicating active transport for the direc-
tion from cytoplasm to nucleus and passive diffusion in the other
direction [128]. In a later work circular scanning in a plane perpen-
dicular to the nuclear envelope was used; half of the orbit was
located in the cytoplasm and the other half in the nucleoplasm.
The position of the orbit was moved to maintain the NPC in its cen-
tre, thus, compensating for the NPC’s slow diffusion [129,130].Transport of the soluble receptor karyopherin-b1 and activity of
nucleoporin Nup153, a transporter protein bound to NPC, were
characterized; pair cross-correlation functions showed that
Nup153 is involved in the transport of karyopherin-b1 from cyto-
plasm to nucleus but not in its transport in the opposite direction
[129,130]. pCF was also applied by Chiu et al. to investigate actin
ﬂow in 3D [131]. Using nanoscale precise imaging by rapid beam
oscillation (nSPIRO) they were able to locate cell protrusions with
high precision. Analysis of molecular movements between differ-
ent positions in the protrusions showed similar ﬂow rates as in
2D measurements and demonstrated that actin ﬂow is dependent
on the distance from the protrusion tip.
Spatio-temporal image correlation spectroscopy and spatio-
temporal image cross-correlation spectroscopy (STICS and STICCS)
are further examples of techniques that provide information on
direction of molecular motion (see Fig. 3B). STICCS was applied
by Toplak et al. to determine the mode of motion of adhesion com-
ponents in migrating cells [132]; the authors could differentiate
between different modes of motion including treadmilling, sliding,
antisliding, anisotropic diffusion and ﬂow.
The study of Erokhova et al. on the transepithelial water perme-
ability represents a different type of FCS application to study trans-
port phenomena in cells [133]. The main challenge faced by the
authors was the need to determine at the same time the number
of aquaporin channels present as well as the water permeability
of these channels. The authors used FCS to directly quantify the
number of water channels in the apical and basolateral membranes
of MDCK cell monolayers. They then determined the ﬂux of water
by monitoring the dilution effect on a reporter dye in the narrow
gap between the cell layer and the coverslip.
The FCS modalities discussed here, which combine spatial and
temporal information, can address the question of the molecular
motion and transport in live specimen. This will allow to not only
measuring the rates of biological processes but also its dependence
on location and its directionality, providing a much more detailed
and quantitative image of molecular events in biology.5. Multicellular organisms and tissues
Studying molecular processes in living cells does not necessarily
guarantee that the observed processes are happening under phys-
iologically relevant conditions. The state of the cell depends
strongly on its environment and biochemical, mechanical and mor-
phological conditions within tissues are important determining
factors of cellular processes [134]. Therefore, FCS experiments,
originally performed in in vitro systems, advanced ﬁrst to cellular
systems and ﬁnally reached in vivo systems with the recording of
FCS measurements within live embryos.
However, the extension of FCS to thick tissues poses particular
challenges. Even the most transparent of embryos are heteroge-
neous and highly scattering and thus distort the focal volume
and reduce the signal to noise ratio. This limits penetration depth
for FCS [135] andmost studies have been performed at depth smal-
ler than about 100 lm. Despite this limitation a wide range of top-
ics from vasculogenesis [136] in zebraﬁsh (Danio rerio) (number 15
in Fig. 1) to histone dynamics in Drosophila melanogaster embryos
[137] were addressed. Even quantitative KD measurements in zeb-
raﬁsh were performed (number 17 in Fig. 1) and signiﬁcant differ-
ences to the same measurements in cells were found [138],
underlining the importance to perform measurements in relevant
biological environments.
The capability of FCS to measure concentrations and molecular
dynamics quantitatively, has an important impact in developmental
biology. Yu et al. determined themorphogen gradient of Fgf8 in zeb-
raﬁsh and showed that the establishment and maintenance of the
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ture of the morphogen in a sink, which was mediated by receptor
binding and endocytosis [139] (number 18 in Fig. 1). In a subsequent
work Ries et al. used scanning FCS to determine the binding afﬁnity
of the ﬁbroblast growth factor Fgf8 to its receptors Fgfr1 and Fgfr4 in
live zebraﬁsh [140]. FCSmeasurements have been also performed in
mammalian embryos; Kaur et al. combined photoactivation with
FCS to measure the diffusion of transcription factors in mouse
embryos [141]. Oct4 and Sox2, transcription factors involved in
the self-renewal of undifferentiated embryonic stem cells, were
shown to have two different diffusive species: a fast species exhibit-
ing free diffusion and a slow subdiffusive species presumably con-
trolled by DNA interactions. Importantly, the subdiffusive species
was only found in embryonic stem cells but not in differentiated
cells, indicating that subdiffusion couldbe an indicator for transcrip-
tion factor activity. Previous FCS measurements of diffusion of the
same transcription factors in living cells also identiﬁed a slowly
moving subpopulation characteristic for stem cells [142].
Besides live embryos, FCS measurements were performed also
in other multicellular systems, namely in bioﬁlms [143,144] and
in dissected tissues, such as the lateral plate mesoderm of medaka
ﬁsh (Oryzias lapites) embryos [145], mouse lens [146], mouse brain
slices [147] and human skin [148].
FCS and its capability to measure diffusion and interactions
have advanced the investigation of molecular processes in tissues
and organisms considerably. This is of particular interest as tissues
and organisms present a physiologically relevant environment not
easily mimicked in cell cultures. While most measurements were
performed with confocal FCS, the recent extension of SPIM–FCS
to the measurement in zebraﬁsh [47,48] opens now the possibility
to measure FCS over wider areas within organisms in an imaging
mode.
6. Outlook
FCS has signiﬁcantly contributed to the life sciences by allow-
ing quantitative measurements in live cells and in vivo, especially
by determining concentrations, biomolecular afﬁnities, and by the
elucidation of cellular structures through diffusion and transport
measurements. As there exists now a wide range of commercially
available systems, FCS and many of its modalities are available to
many researchers and one anticipates that FCS will continue to
spread as a standard tool for quantitative cell measurements. Reli-
ance on a single method is of course not advisable, and it is espe-
cially the combination of FCS with other techniques that expands
the available parameter space for researchers and improves data
interpretation by providing complementary measures for molecu-
lar processes within biological samples. As shown by several
examples in this review it was the addition of FCS to biochemical
and biological experiments which allowed making a decision
between multiple alternative hypotheses. Furthermore, new FCS
modalities are constantly developed to address particular biolog-
ical questions. For example the combination of STED and FCS
pushed the spatial resolution of FCS to 20–30 nm on live cell
membranes and allowed characterization of membrane heteroge-
neity at unprecedented levels. Although at the moment restricted
to 2D, its extension to 3D would provide the possibility to mea-
sure molecular processes within live cells to volumes of less than
100 zeptolitres (1019 L). The development of imaging FCS modal-
ities in which images are recorded, for which correlation func-
tions can be calculated for every pixel or combination of pixels,
provided new quantitative bioimaging capabilities. This enabled
the creation of FCS time-lapse movies showing changes in mem-
brane dynamics in time, or measurements in 3D samples includ-
ing cells and small organisms by the combination of FCS with
light sheet microscopy.However, FCS faces also many challenges. FCS is restricted to a
certain concentration range (pM–low lM), interpretation of corre-
lation functions relies on ﬁtting with theoretical models, the choice
of which may be ambiguous, and the amount of data in the multi-
plexed FCS modalities provides a challenge of data ﬁtting and
interpretation. First solutions are on the horizon with the possibil-
ity of 3D STED–FCS which decreases the volume and allows access
to higher concentrations. New computational approaches based on
Bayes hypothesis testing improve selection of models for correla-
tion curve ﬁtting without over-interpretation [35,149], and the
improvement of computational facilities allows massive parallel
data treatment at low cost (e.g. ﬁeld programmable gate arrays)
[150,151].
FCS develops in many directions and is customized in many
cases for particular biological problems. This provides a wide vari-
ety of possibilities to measure molecular interactions in live sam-
ples. More of these modalities are becoming available even in
commercial systems, making them accessible to more researchers.
With these prospects, we think that FCS will continue to play a sig-
niﬁcant role in the life sciences for quantitative measurements of
biomolecular processes in living cells and multicellular organisms.Acknowledgement
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